We have demonstrated that an 8.4 kb segment (GUS 8.4 ) from the upstream region of the mouse ␣-gustducin gene acts as a fully functional promoter to target lacZ transgene expression to the gustducin-positive subset of taste receptor cells (TRCs). The GUS 8.4 promoter drove TRC expression of the ␤-galactosidase marker at high levels and in a developmentally appropriate pattern. The gustducin minimal 1.4 kb promoter (GUS 1.4 ) by itself was insufficient to specify TRC expression. We also identified an upstream enhancer from the distal portion of the murine gustducin gene that, in combination with the minimal promoter, specified TRC expression of transgenes.
Current models of taste perception in humans suggest four or five primary taste submodalities: sweet, bitter, salty, sour, and umami (glutamate). Transduction of responses to sapid molecules ("tastants") occurs in specialized neuroepithelial taste receptor cells (TRC s) organized within taste buds (for review, see Kinnamon and Margolskee, 1996; Lindemann, 1996) . Na ϩ and H ϩ ions (salty and sour tastants, respectively) are thought to interact with ion channels located at the apical surface of TRC membranes (Heck et al., 1984; Gilbertson et al., 1992; Gilbertson, 1993; Lindemann, 1996; Ugawa et al., 1998) . On the other hand, several lines of evidence suggest that TRC responses to both sweet and bitter compounds are transduced via seven transmembrane-helix receptors coupled to guanine nucleotide-binding regulatory proteins (G-proteins) (for review, see K innamon and Lindemann, 1996) .
Biochemical and molecular biological studies have identified specific components of the transduction pathways mediating responses to bitter and sweet compounds (McLaughlin et al., 1992; Ruiz-Avila et al., 1995) . Gustducin is a transducin-like G-protein expressed in ϳ30 -40% of mammalian TRC s, all papillae of the lingual epithelium (McLaughlin et al., 1992; Takami et al., 1994; Boughter and Smith, 1998) , and in TRC -like apparent chemosensory cells of the stomach, duodenum, and pancreas (Höfer et al., 1996; Höfer and Drenckhahn, 1998) . Thus, ␣-gustducin may mark chemoresponsive cells regardless of their anatomical location. The ␣-subunit of rod transducin is also expressed in TRCs, although at much lower levels than is ␣-gustducin (Ruiz- Avila et al., 1995) . The expression of gustducin and transducin in TRCs suggests that these two G-proteins may function in taste transduction as transducin does in phototransduction, i.e., to couple seven transmembrane-helix taste receptors to TRC-specific phosphodiesterases to regulate intracellular cyclic nucleotide levels (Hargrave and McDowell, 1992; Khorana, 1992; McLaughlin et al., 1994; Kolesnikov and Margolskee, 1995; Stryer, 1996) .
We tested the role of gustducin in taste transduction in vivo by generating ␣-gustducin null mice and analyzing their taste responses (Wong et al., 1996) . The null mice were indistinguishable from wild type (WT) in their behavioral and chorda tympani nerve responses to NaCl and HCl. However, in contrast to WT, the null mice showed greatly reduced aversion to denatonium benzoate and quinine hydrochloride (compounds that are bitter to humans) and reduced preference for sucrose and SC-45647 (compounds that are sweet to humans). Furthermore, the null mice had diminished chorda tympani nerve responses to these same compounds. These data indicate that gustducin is a principal mediator of both bitter and sweet signal transduction.
Identifying the cis-acting elements within the ␣-gustducin gene that target expression to TRCs would provide useful information pertinent to the control of TRC expression of gustducin and other TRC-specific factors. These elements could also be used as probes to identify and characterize taste-specific transcriptional factors and to selectively target expression to TRCs of cDNAencoded markers and signal transduction components. To identify such elements and test their functionality, we fused portions of the upstream region of the mouse ␣-gustducin gene to a ␤-galactosidase reporter and assayed expression of the chimeras in transgenic mice.
MATERIALS AND METHODS
Cloning and mapping the murine ␣-gustducin gene and construction of transgenes. Genomic fragments from the ␣-gustducin locus were obtained from a 129/Sv mouse genomic library (Lambda FI X II; Stratagene, La Jolla, CA) by screening with the rat ␣-gustducin cDNA (pSPORTgus) [see Results and as described previously (Wong et al., 1996) ]. T wo of 29 independent clones isolated (l4 and l27) contained sequences that hybridized with the 5Ј probe [containing the first 485 nucleotides (nt) of rat gustducin cDNA]. The genomic fragments of ␣-gustducin clone l4 were subcloned into pBluescript II (Stratagene, La Jolla, CA). The other genomic clones were only partially characterized but indicate that the murine gustducin gene spans at least 60 kb. The lacZ expression vectors used in this study were pPSDKlacZpA1 (Echelard et al., 1994) and phspP TlacZpA (Kothary et al., 1989) . GUS 1.4 -lacZ was generated by subcloning into pBluescript a 1.4 kb NdeI restriction endonuclease fragment containing sequences homologous to the 5Ј-most portion of the rat ␣-gustducin cDNA and is presumed to contain the transcription initiation site. The 1.4 kb segment was excised as a BamHI fragment and then ligated into the BglII site of pPSDKlacZpA1. GUS 8.4 -lacZ was generated by inserting a 7 kb HindIII fragment (pH7) into the HindIII site of GUS 1.4 -lacZ. GUS (1.4ϩ2.5) -lacZ and GUS (1.4ϩ2.5rev) -lacZ were generated by isolating a 2.5 kb HindIIIEcoRV cleaved fragment from pH7, filling in the HindIII end using the K lenow fragment, and ligating the blunt ends into the SnaBI site of GUS 1.4 -lacZ. GUS 5.9 -lacZ was generated by isolating a 4.5 kb EcoRVHindIII fragment from pH7, filling in the HindIII end, and ligating as above into the SnaBI site of GUS 1.4 -lacZ. GUS 2.5 -hsp68-lacZ was generated by cloning a blunt-ended 2.5 kb HindIII-EcoRV fragment isolated from pH7 directly upstream of the 600 bp hsp68 promoter in phspP TlacZpA. GUS 8.4 -gustducin was generated by isolating the GUS 8.4 promoter from GUS 8.4 -lacZ as a SnaBI-PstI fragment and inserting it into a vector containing a rabbit ␤-globin intron cloned upstream of the W T rat ␣-gustducin cDNA.
Production and genot yping of transgenic mice. Before microinjection, all transgene inserts were digested with SalI and BamHI endonucleases, separated by electrophoresis in low-temperature melting agarose, and purified using Gelase (Epicentre Technologies, Madison, W I). Transgenic mice were generated by pronuclear microinjection of the purified DNA fragments into the male pronucleus of B6CBAF 2 /J zygotes (␣-gustducin wild type: GUS/GUS) as described (Hogan et al., 1994) . CD-1 female mice were used as recipients for injected embryos. B6CBAF 1 /J mice were used for most lacZ breeding studies. Homozygous ␣-gustducin null male mice (Wong et al., 1996) were mated with superovulated B6CBAF 1 /J females to generate zygotes for production of the GUS 8.4 -gustducin transgenic mice. To generate GUS 8.4 -lacZ or GUS 8.4 -gustducin transgenic mice null for ␣-gustducin, GUS 8.4 -lacZ or GUS 8.4 -gustducin transgenic mice were intercrossed with ␣-gustducin null mice ( gus/gus). The second generation of intercrossed animals were genotyped by PCR to identif y ␣-gustducin W T-lacZ or gustducin transgenic mice (GUS/ GUS: GUS 8.4 -lacZ/gustducin) and ␣-gustducin null-lacZ or gustducin transgenic ( gus/gus: GUS 8.4 -lacZ/gustducin) siblings.
Founder animals were screened by genomic Southern analysis using a 32 P-radiolabeled lacZ-specific probe to determine the integrity of the transgene array. Screening of animals from established transgenic lines was performed as described previously (Laird et al., 1991) , using the same lacZ-specific oligonucleotide primers for PCR analysis.
Histochemistr y and immunofluorescence. Mice were killed by C O 2 asphy xiation, and the tongues were excised, fixed in 2% paraformaldehyde in 0.1 M PI PES buffer, pH 6.9, for 2 hr at room temperature, and then transferred into 20% sucrose in PBS, pH 7.4. The fixed tongues were then embedded in OC T (Tissue-Tek; Sakura Finetek USA, Torrance, CA), and 10 m cryostat sections were collected. For the developmental series, litters of mice were killed, and tongues and tails were collected for fixation and DNA preparation, respectively. Those mice that were determined by their genotype to be transgenic were used for the present study.
For 5-Bromo-4-chloro-3-indolyl-␤-D-galactopyranoside immunohistochemistry, tongue tissue sections containing taste buds were processed as described previously (Echelard et al., 1994; Wong et al., 1996) . Slides were stained for periods ranging from 20 min to 12 hr according to the strength of GUS-lacZ transgene expression. Sections were then counterstained in 1% neutral red, dehydrated, and mounted in Permount. Photomicrographs were obtained on a Z eiss (Oberkochen, Germany) Axiomat microscope using Kodak Ektachrome 160T film (Eastman Kodak, Rochester, N Y).
For immunofluorescence, sectioned tissues were blocked in PBS containing 2% BSA, 1% horse serum, and 0.3% Triton X-100 for 30 min at room temperature. The primary antibodies used were goat anti-␤-galactosidase (Arnel Laboratories, New York, N Y) diluted 1:500 and rabbit anti-␣-gustducin (Takami et al., 1994) diluted 1:500. Primary antibodies were added to sections, which were incubated in a humidified atmosphere for 1 hr at room temperature. Sections were then washed, secondary antibodies were applied, and incubation continued for 30 min at room temperature. Secondary antibodies used were mouse anti-goat immunoglobulin conjugated with lissamine rhodamine and mouse antirabbit immunoglobulin conjugated with fluorescein isothiocyanate (FI TC) (both from Jackson ImmunoResearch, West Grove, PA). Slides were washed and mounted in fluorescence mounting medium (Vector Laboratories, Burlingame, CA), and photomicrographs were obtained on a Z eiss Axiomat microscope using Kodak Ektachrome P1600 film, with either FI TC or rhodamine wavelength filters placed in the light path.
Denervation. Animals were anesthetized via intraperitoneal injection of sodium pentobarbital (60 mg / kg), secured in a nontraumatic head holder and placed in a supine position. After shaving and sterilization of the throat area, a 1 cm ventral midline incision was made caudal to the lower lip and extending over the hyoid bone. Bilaterally, a small section of each glossopharyngeal nerve was surgically exposed as described previously (Oakley, 1995) and pinched approximately five to seven times with fine forceps to disrupt neural transmission. After completion of the surgery, the incisions were sutured and sterilized. Water and liquefied sterilized mouse chow were provided for 48 hr after surgery. Thereafter, mouse chow and water were available ad libitum.
Behavioral anal ysis. Mice were genotyped by PCR for endogenous ␣-gustducin and neo (to determine whether they were GUS/gus or gus/ gus) and for the rat ␣-gustducin cDNA transgene. Tested mice ranged in age from 6 to 14 weeks. Mice were individually housed, provided with food ad libitum, and presented with distilled water in two sipper bottles for 48 hr before testing. T wo-bottle testing was as described previously (Wong et al., 1996) .
RESULTS

Mapping the ␣-gustducin promoter
Gustducin clone l4, encompassing the 5Ј-end of the murine ␣-gustducin gene, was mapped and partially sequenced (see Materials and Methods). To identify TRC transcriptional elements, portions of clone l4 were cloned upstream of the lacZ reporter gene (Fig. 1) . ␤-galactosidase expression in TRCs from transgenic offspring was determined by histochemistry and/or immunofluorescence (results are summarized in Table 1 ). A candidate minimal promoter (GUS 1.4 ) contained within the proximal 1.4 kb fragment did not drive expression of ␤-galactosidase to TRCs or other tissues unless it was coupled to a gustducin enhancer (Table  1 ; see below). In contrast, the entire 8.4 kb fragment (GUS 8.4 ) from the gustducin upstream region directed consistently high levels of ␤-galactosidase expression to TRCs in all transgenic lines and G 0 founder mice tested; ␤-galactosidase was also detected in a limited subset of retinal interneurons (Table 1) . GUS 8.4 -lacZ transgenic lines and G 0 mice expressed ␤-galactosidase in ϳ30 -40% of TRCs from fungiform, foliate, or circumvallate papillae (Table 1, Fig. 2) , comparable with the level of expression of endogenous gustducin. Based on the immunofluorescence analysis, at least 80% of the gustducin-positive TRCs from GUS 8.4 -lacZ transgenic mice were also positive for ␤-galactosidase expression, and no ␤-galactosidase positive/␣-gustducin negative TRCs were observed, suggesting that the GUS 8.4 promoter drives ␤-galactosidase to the appropriate TRCs. Using a more sensitive means of detection, single-cell PCR analysis of a GUS 8.4 GFP (green fluorescent protein) reporter line showed coexpression of endogenous gustducin in Ͼ90% of the transgenically marked cells (L. Huang, Z. Zheng, L. Ruiz-Avila, and R. F. Margolskee, unpublished observations).
Identification of a taste cell-specific enhancer
To identif y specific cis elements and transcriptional enhancers within the GUS 8.4 promoter, several constructs were made and used to generate transgenic mice (Fig. 1) . Transgenes containing the 2.5 kb distal portion of GUS 8.4 in either transcriptional orientation linked to the minimal GUS 1.4 promoter reliably led to expression of LacZ in TRC s and a limited subset of retinal interneurons (which also expressed endogenous gustducin) (Table 1, Fig. 2g,h ). These results indicate that the distal 2.5 kb region contains a taste-specific enhancer. Transgenic mice carrying the minimal GUS 1.4 promoter coupled to the distal 2.5 kb element, but lacking the central 5.9 kb portion of GUS 8.4 (Figs. 1, 2g,h ), showed variability in the level and number of TRC s expressing ␤-galactosidase (Table 1) . This variability was independent of copy number (data not shown), suggesting that the expression of these transgenes may be affected by the site of integration. This was in distinct contrast to transgenic mice carrying GUS 8.4 promoter constructs in which many TRCs were ␤-galactosidasepositive and displayed uniformly high levels of expression (Fig.  2a-f ) , implying that there are also cis elements in the 5.9 kb fragment.
To determine whether the 2.5 kb taste enhancer is promoterindependent, it was coupled to the hsp68 minimal promoter (Fig.  1) ; this construct was not expressed in TRCs but was highly expressed in tongue muscle (Table 1, Fig. 2i) . Apparently, the 2.5 kb element functions as a taste-specific enhancer that interacts with additional elements within the GUS 1.4 minimal promoter. Transgenes containing the 5.9 kb fragment linked to the GUS 1.4 promoter gave no expression in TRCs but led to ectopic expression in cells associated with the base of taste buds (Table 1, Fig.  2i ). We conclude that there are cis elements present in the 2.5 and 5.9 kb fragments that interact with each other and with the 1.4 kb minimal promoter to specify TRC-appropriate expression.
Developmental expression of transgenes driven by the GUS 8.4 promoter
We compared the developmental pattern of expression of ␤-galactosidase driven by the GUS 8.4 promoter with that of endogenous gustducin. Taste bud and taste receptor cell development in mice occurs postnatally, whereas the taste papillae arise during late fetal development (Mistretta, 1991; Fritzsch et al., 1997) . In the C57BL/6 ϫ CBA genetic background, gustducinexpressing TRCs are absent at birth but begin to appear within taste papillae at postnatal day 4 (P4) (Fig. 3a) and increase in number and density within distinct bud structures over the next 7-10 d (Fig. 3d,g,j) . By P14, the taste buds and papillae display the adult pattern (Fig. 3j-l ) . During each stage of postnatal TRC maturation, most of the cells that expressed ␣-gustducin also expressed ␤-galactosidase, typically 80 -90% as determined by double staining (Fig. 3c,f,i,l ) . We conclude that expression of transgenes driven by the GUS 8.4 operates according to the same developmental program that regulates expression of endogenous gustducin.
Expression of transgenes driven by the GUS 8.4 promoter during TRC degeneration and regeneration
Murine taste buds within the circumvallate and foliate papillae apparently require trophic factors derived from fibers of the facial or glossopharyngeal nerves (Zhang et al., 1997) . Denervation of the circumvallate or foliate papillae leads to degeneration of TRCs and taste buds within 10 d to 2 weeks, depending on the particular species (Oakley, 1970; Oakley et al., 1998) , along with concomitant loss of gustducin (demonstrated in rat; McLaughlin et al., 1992) . Regeneration of the nerve restores the TRCs and taste buds and their expression of gustducin (McLaughlin et al., 1992) . To determine whether the pattern of expression of the ␤-galactosidase transgene and endogenous gustducin was coordinately regulated after nerve degeneration and regeneration, the two glossopharyngeal nerves were crushed, and then the lingual epithelium was examined for TRC appearance and expression of ␤-galactosidase and gustducin. At 10 d after denervation, the majority of taste buds and TRCs of the circumvallate papilla had disappeared, leaving only a few gustducin-positive cells that also expressed ␤-galactosidase (Fig. 4a-c) . At 12 d after denervation, the epithelium of the circumvallate trench had receded to take on the appearance of nongustatory lingual epithelium; at this stage, there was no expression of either gustducin or ␤-galactosidase (Fig. 4d-f ) . At 14 d after denervation, both taste buds and TRCs started to regenerate, as evidenced by the appearance of Figure 1 . Schematic diagram of the murine gustducin promoter and reporter constructs used to map promoter elements. a, Diagram of the 5Ј end of the murine ␣-gustducin locus, including its promoter region ( yellow, red, and blue boxes): first exon, including the 5Ј untranslated region (open box), the protein-coding region ( filled box), and the translation initiation codon (ATG met ). Restriction endonuclease sites used to generate promoter mapping constructs are indicated. b, Map of the GUS-lacZ reporter constructs. Various segments from the gustducin locus ( a) were cloned upstream of the lacZ expression cassette ( purple box). The lacZ gene was modified to include a consensus ribosome initiation site, an in-frame ATG met initiation codon, and an SV40 poly adenylation sequence (cross-hatched box). Arrows indicate transcriptional orientation. The 2.5 kb fragment ( a) was cloned upstream of the hsp68 minimal promoter to generate the GUS 2.5 ϩhsp68-lacZ reporter construct.
gustducin-positive, elongated bipolar cells (Fig. 4g) . Most of these cells also expressed ␤-galactosidase (Fig. 4h,i) , demonstrating similar regulation of gene expression from the transgenic GUS 8.4 promoter and the endogenous gustducin promoter.
The gustducin lineage of TRCs is present in gustducin null mice
We generated previously ␣-gustducin null mice by targeted gene replacement (Wong et al., 1996) . These mice are deficient in their taste responses to several bitter and sweet compounds but are normally responsive to NaCl and HCl (i.e., salty and sour stimuli). Light microscopy of the taste buds of homozygous ␣-gustducin null mice indicated that the morphology and number of taste buds and TRCs appeared normal (Wong et al., 1996) . Electron microscopy of TRCs corroborated this observation and suggests that the number of dark and light TRCs appears normal in taste buds of gustducin null versus WT mice (T. Crosby and J. C. Kinnamon, personal communication) . To demonstrate directly that the absence of gustducin does not lead to loss of a lineage or developmental stage of TRCs that normally express gustducin, we generated GUS 8.4 -lacZ transgenic mice that were null for ␣-gustducin. The number and distribution of ␤-galactosidase-positive TRCs in GUS 8.4 -lacZ transgenic animals did not differ between gustducin-positive and gustducin null mice (Fig. 5) . We conclude that there are TRCs in the gustducin null mice capable of transcribing genes driven by the GUS 8.4 promoter, demonstrating that the lack of ␣-gustducin did not delete a cell lineage or developmental stage of TRCs.
Transgenic expression of a rat gustducin cDNA restores taste responses of gustducin null mice
The pattern of expression of the ␤-galactosidase transgene (Figs. 2-4) demonstrates that GUS 8.4 -lacZ is efficiently expressed in the same subpopulation of TRCs that normally express ␣-gustducin. The GUS 8.4 promoter should be generally useful to target cDNAencoded proteins to TRCs that normally express ␣-gustducin. We used the GUS 8.4 promoter to express a WT rat gustducin cDNA in gustducin null mice. This tests the ability of the GUS 8.4 promoter to target expression of cDNAs to mature functional Figure 2 . Expression of ␤-galactosidase in mice carrying gustducin promoter-lacZ transgenes. GUS 8.4 -lacZ transgenic mice (a-f ) expressed ␤-galactosidase, assayed histochemically, in all lingual taste papillae, including circumvallate ( a), foliate ( b), and fungiform ( c). ␤-galactosidase expression, assayed immunofluorescently, in foliate taste buds ( d), colocalized to the same taste cells that expressed endogenous ␣-gustducin ( e), further demonstrated by coincident double-staining immunofluorescence ( f ). ␤-Galactosidase, assayed histochemically, was expressed in the circumvallate papillae from mice carrying the GUS (1.4ϩ2.5) -lacZ ( g) and GUS (1.4ϩ2.5rev) -lacZ ( h) transgenes. Transgenic mice carrying the GUS 2.5 ϩhsp68-lacZ construct ( i) showed expression in tongue muscle but not in taste buds.
TRCs. The GUS 8.4 -gustducin transgene used to rescue the taste defects of the ␣-gustducin null mice is diagrammed in Figure 6a . The GUS 8.4 -gustducin transgene was specifically expressed in ϳ30 -40% of the TRC s of the null mice (Fig. 6c) , comparable with the expression pattern of endogenous gustducin in WT mice (compare with Fig. 2d ).
To determine whether transgenic expression of the rat ␣-gustducin cDNA in the null background restored normal function, populations of heterozygous W T (GUS/gus), null ( gus/gus), and transgenic /null ( gus/gus: GUS 8.4 -gustducin) mice were tested for their behavioral responses to bitter and sweet compounds. Null mice were profoundly deficient in their responses to the bitter compound denatonium benzoate and the sweet compound SC-45647 (Fig. 6d,e) , as was shown previously (Wong et al., 1996) .
Expression of the GUS 8.4 -gustducin transgene in the null background functionally restored behavioral responses to both the bitter and sweet compounds (Fig. 6d,e) . ANOVA indicated no statistically significant differences between GUS/gus and gus/gus: GUS 8.4 -gustducin mice, although both populations differed from gus/gus (null/nontransgenic) mice ( p Ͻ 0.0001 for all concentrations of denatonium; p Ͻ 0.01 at 50 M SC-45647; p Ͻ 0.0001 for SC-45647 concentrations Ն75 M). Individual t tests showed no difference between GUS/gus and gus/gus:GUS 8.4 -gustducin mice, although both groups of animals differed from the gus/gus mice ( p Ͻ 0.001 for denatonium concentrations Ն150 M; p Ͻ 0.01 at 50 M SC-45647; p Ͻ 0.0001 for SC-45647 concentrations Ն75 M).
This experiment provides formal proof that the taste defects -gustducin immunoreactivity; b, e, h, and k (corresponding to a, d, g, and j, respectively) were imaged for ␤-galactosidase immunoreactivity; c, f, i, and l are double exposures to demonstrate coincident expression of ␣-gustducin and ␤-galactosidase.
observed in the gustducin knock-out mice are specifically attributable to the lack of gustducin expression rather than adventitious changes of neighboring gene expression caused by the homologous recombination event. These results also demonstrate the feasibility of targeting cDNA-encoded proteins to TRC s in which they can be f unctionally analyzed in vivo. We have recently used this same approach to target expression to the gustducin lineage of TRC s of mutated forms of ␣-gustducin to study the proteinprotein interactions involved in sweet and bitter taste transduction (our unpublished observations).
DISCUSSION
In the present study, we have identified a f ully f unctional taste cell promoter (GUS 8.4 ) within the upstream region of the mouse ␣-gustducin gene. The GUS 8.4 promoter drove expression of ␤-galactosidase at high levels selectively in the gustducin-positive subset of TRC s. We identified within the proximal 1.4 kb of the upstream region a minimal promoter that specified TRC expression and within the distal 2.5 kb of the upstream region, a TRC enhancer. Within the middle 5.9 kb region, another cis element was identified that, on its own, drove expression to cells at the base of the taste bud but not in TRC s or the taste buds themselves. In multiple independent lines of mice, the GUS 8.4 and GUS (1.4ϩ2.5) promoters drove ␤-galactosidase expression to a population of retinal interneurons that also expressed endogenous gustducin. In future studies, we will analyze the function of these cells in WT and ␣-gustducin null mice. The differentiation of TRCs and TRC stem cells from epithelial precursors is a complex process dependent on innervation and trophic factors. The commitment to become a stem cell precursor to a TRC and the developmental program that gives rise to the mature TRC must involve regulated expression of stem cell-and TRC-selective genes. In certain lines, the complete GUS 8.4 promoter drove expression of reporters and cDNAs in a manner indistinguishable from that of the endogenous ␣-gustducin promoter. GUS 8.4 -driven transgenes showed the same pattern of loss after denervation and recovery after reinnervation as did the endogenously expressed ␣-gustducin, suggesting that the trophic factors that regulate expression of ␣-gustducin act at sites within the GUS 8.4 region. The morphological-structural distinction among TRC subtypes (light vs dark cells) must also depend on transcriptional control and differential gene expression; that GUS 8.4 drove ␤-galactosidase expression to the gustducin- positive subset of light TRC s suggests that the cis elements that specify expression in light-type TRC s are present within the 8.4 kb upstream region. Future studies focusing on the TRCexpressed transcription factors, which bind to DNA sequences within the GUS 8.4 region, may yield information about the early steps of TRC commitment. Other genes that are thought to be selectively expressed in TRC s (e.g., G-protein ␤␥ subunits, regulator of G-protein signalling proteins, taste receptors, ion channels, etc.) may have similar cis elements in their promoter regions, and this may be used to attempt their identification and cloning. Conversely, the upstream regulatory regions of TRC transduction components may be compared with that of ␣-gustducin to search for common cis elements.
The GUS 8.4 -lacZ transgene provides a usef ul histological marker for gustducin-expressing TRC s, allowing the ability to specifically identif y and isolate the gustducin-positive subset of TRCs for single-cell electrophysiological recording and /or singlecell PCR. The GUS 8.4 -lacZ reporter was used to identify the gustducin lineage of TRC s, even in ␣-gustducin null mice, demonstrating that gustducin need not be expressed for the GUS 8.4 promoter to f unction or for TRC s to develop. This suggests that the ␣-gustducin deficiency does not result in the deletion of a specific TRC lineage or otherwise compromise the generation of cells competent to express gustducin and other TRC -expressed factors. Rather, these TRC s are present in the taste papillae in appropriate numbers and have maintained the expression of genes required for mature TRC f unction. When the GUS 8.4 promoter was used to express a W T rat ␣-gustducin cDNA in TRCs of gustducin null mice, behavioral responses to bitter and sweet compounds were f ully restored. However, when a dominant negative form of ␣-gustducin was expressed from the GUS 8.4 promoter, behavioral responses to sweet and bitter compounds were dramatically diminished, indicating that the mutated gustducin protein competitively inhibited sweet and bitter transduction pathways (our unpublished observation). The GUS 8.4 promoter will be extremely useful for its ability to drive expression of histological markers, mutated forms of gustducin, and WT or altered signal transduction elements to study critical domains and specific functions of gustducin and other elements of taste transduction. The GUS 8.4 promoter could be used to conditionally express factors that would be toxic or lethal to TRCs (e.g., diphtheria toxin for conditional TRC ablation and GTPase deficient G-proteins for conditional expression of constitutive active G-proteins). Figure  1 , and the rat gustducin cDNA is as described previously (McLaughlin et al., 1992 Behavioral responses to denatonium benzoate of W T (n ϭ 7), null (n ϭ 10), and null /transgenic (n ϭ 11) mice ( d) . Behavioral responses to SC-45647 of WT (n ϭ 7), null (n ϭ 12), and null /transgenic (n ϭ 11) mice ( e). ANOVA and t tests showed no difference between W T and null/transgenic mice, although both of these populations differed from null/nontransgenic mice.
